displayed a similar distribution and also had an interWe also examined how activation of TCR signaling by anti-TCR antibodies affects single-molecule diffusion. mediate mean value (0.45 m 2 /s). In summary, the diffusional behaviors of different proteins in the T cell signal-TCR activation triggered a significant reduction in diffusion coefficient for LAT and the nonpalmitoylated ing pathway vary significantly and do not correlate with biochemical fractionation into lipid rafts. For example, LAT(C-S) mutant, but not for any of the other proteins ( Figure 2 ; Table S1 ). This result indicates that signaling CD2, which does not behave as a classical lipid raft protein, is less mobile than the lipid raft-associated alters the local environment of LAT and does so independently of lipid rafts. proteins Lck, Lck10, LAT, and LAT(Y-F). In addition, interfering with lipid raft association of LAT through mutations did not alter its diffusion behavior. Thus, we con-
Formation of Signaling Clusters in Activated Cells
To better understand the differences in the single-moleclude that factors other than partitioning into a detergent-insoluble raft fraction determine the diffucule diffusion behavior of various signaling proteins, we examined their distributions by confocal and epifluoressional properties of signaling molecules in the T cell membrane.
cence microscopy in living cells. We simultaneously im-CD2 and actin did not colocalize in living, activated cells. Rather, as has been noted by others (Bunnell et al., 2001), F-actin was located predominantly at the periphery of the contact where the CD2 density was lowest ( Figure 3) . Surprisingly, while treating cells with Latrunculin A prior to activation prevented CD2 clustering and cell spreading, adding the drug 10 min after activation had no discernable effect on the distribution of CD2 ( Figure S3 ). Together, these results suggest that F-actin is required for the formation, but not maintenance of CD2 clusters. CD45 also did not colocalize with CD2, being reduced at the center compared to the periphery as shown previously ( Figure 3) . The latter result also suggests that recruitment of LAT to CD2 zones requires protein interactions mediated through its phosphorylated tyrosine residues. Consistent with the notion that these clusters are enriched in signaling activity, a phosphotyrosine antibody selectively stained the CD2 zones ( Figure S4 ). At early times (0-2 min) after cells were applied to the anti-TCR surface, LAT and CD2 both exhibited very strong colocalization with the TCR ( Figure S5 ). However, by 5-10 min CD2 and the TCR still overlapped but exhibited a slight offset, with TCR accumulating immediately adjacent to regions of highest CD2 concentration (Figure 3 ). This result also illustrates that signaling zones are reorganized as signaling progresses. these images were overlaid ( Figure 4A, The centroid positions of single molecules at each that individual molecules undergo abrupt transitions point in their trajectories were assigned to one of these between restricted diffusion and more mobile, free diftwo zones (see Figure 6 legend). It should be noted that fusion. We wished to know whether the CD2/Lck/LAT several seconds of illumination and concomitant phoclusters in activated T cells might influence these trantobleaching were usually necessary to reduce the densitions. To explore this question, we developed a stratsity of single GFP spots to a level that allows singleegy in which we could compare the trajectories of sinmolecule tracking. As a result, the distribution of single gle GFP-tagged molecules relative to the signaling molecules in images like the one shown in Figure 6A zones. We chose CD2 as a marker for these zones, not does not necessarily represent the equilibrium distributo attach any particular importance to this protein over tion because the majority of imaged molecules recently the others but to simply provide a landmark against diffused into the contact zone. which to evaluate diffusion. First, a population level imWhen we analyzed the spatial overlap between CD2 age of CD2-mRFP was captured using TIRF at low laser clusters and the centroids of tracked, single molecules, intensity and low camera gain, and then single GFPwe observed that centroids of CD45-GFP molecules tagged proteins were imaged in the same cell for 3-5 exhibited the least overlap and Lck-GFP and LAT-GFP min. Each frame of video-rate GFP sequence was then exhibited the greatest (Table 1) , which is in general overlaid onto the CD2-mRFP image in order to examine agreement with the population distributions observed by confocal microscopy (Figure 3) . LAT(C-S)-GFP simidiffusion of single molecules relative to CD2 clusters larly showed a large cluster-associated fraction. In con-LAT(C-S) in CD2 zones ( Figures 6B-6D ). Dual-color imaging revealed that regions of restricted mobility most trast, centroids of Lck10-GFP and LAT(Y-F)-GFP were approximately randomly distributed between CD2 and often overlapped spatially with the CD2 clusters (red/ orange color-coded segments in Figure 6 ; Movies S7-non-CD2 zones, as might be expected from their more uniform population distributions (Figure 3 ). When we in-S9), although immobilization sometimes also occurred outside the CD2 zones. Consistent with preferential spected the paths of individual molecules outside of the CD2-mRFP-enriched zones, we observed that they trapping within CD2 zones, the average diffusion coefficients of Lck-GFP, LAT-GFP, and LAT(C-S)-GFP moleoften followed narrow channels and appeared to deflect off of the CD2 boundaries. Static representations cules were significantly reduced inside of CD2 clusters compared to outside (Table 1) . In contrast, Lck10 and of individual trajectories are shown in Figures 6E-6J The (Table S1) 
Signaling Clusters Are Largely Static in Space

